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Abstract 
The optical line spectra of multi-charged gaseous and metal ion beams from ECR plasma have been observed using a grating 
monochromator with photomultiplier. This new method simplifies the observation of the targeted ion species in the plasma 
during beam tuning. In this paper we describe present condition of the Hyper-ECR ion source tuning with this plasma 
spectroscopy method. This data is important because separation of ion species of the same charge to mass ratio with an 
electromagnetic mass analyzer is almost impossible. 
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
   The Hyper-ECR ion source has been successfully used for RIKEN Azimuthal Varying Field (AVF) cyclotron as 
an injector and in the process of production of the multi-charged ion beams of high intensity [1]. Figure 1 shows a 
cross section of the Hyper-ECR ion source. During beam tuning, the charge distribution of ions extracted from ECR 
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plasma has been measured by a magnetic beam analyzer and a Faraday cup. After the beam separation, the ion beam 
intensity was maximized in order to reach the highest possible efficiency. During this process, an accidental 
appearance of the same q/m species usually occurs in the ECR plasma, and their separation by a magnetic beam 
analyzer is known to be an extremely complex procedure. Therefore, an observation of the light intensity of desired 
ion species from a photomultiplier combined with a monochromator was selected to improve the beam tuning. A 
grating monochromator was installed at the Hyper-ECR ion source, and light intensities of gaseous and metal ion 
beams were observed during tuning [2, 3]. A conceptual diagram of this method is presented in Fig. 2. In this study 
the optical line spectra of multi-charged 24Mg8+ and 7Li3+ ions were observed, and the relation between light 
intensity of the optical line spectrum and its beam intensity was investigated. 
(1) (2) (3) (4)
(6)(7)
(5)
 
Fig. 1. Schematic drawing of the Hyper-ECR ion source.  (1) Plasma chamber; (2) ECR zone; (3) solid material rod; (4) RF wall; (5) vacuum 
vessel; (6) mirror coil 1; and (7) mirror coil 2. 
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Fig. 2.  Beam separation by an optical monochromator. In this figure 6Li III is observed separately from mixed ions of the same q/m of 1/2. 
 
2. Experimental setup 
   The beam analyzer magnet of the hyper- ECR ion source is equipped with a fused quartz window. A grating 
monochromator (JASCO CT-25C) was positioned outside of the window and connected to a photomultiplier 
(Photosensor module H11462-031, Hamamatsu Photonics) as shown in Fig. 3.  
   
Fig. 3. Picture of the quarz window (left) and the monochromator with photomultiplier (right). 
The distance from the ECR plasma to the entrance slit of the monochromator is 1.5 m. The beam resolution of the 
grating is 0.05 – 0.1 nm (FWHM). This resolution is usually enough to observe light intensities of those multi-
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charged ions. Gratings of 1200, 1800 and 2400 lines/mm were used. Usually, L-37 and R-64 filters are used for 
preventing both second and third order light signals. The grating dial is remotely controlled. The light intensity 
spectra were recorded by a X-Y pen recorder. 
3. Results and discussions 
   Figure 4 (a) and (b) show the optical line spectra of the Hyper-ECR plasma under chamber baking and during 
operation of 24Mg8+ ion beam. High intensity 24Mg8+ ions were produced by the Hyper-ECR ion source using a metal 
rod method [1]. MgO rod is installed from the RF wall. The rod is heated by the ECR plasma. Before an ordinary 
beam tuning, a degassing of the plasma chamber must be conducted for one or two days. 
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Fig.4 (a) Optical line spectrum during chamber baking; (b) Optical line spectrum during 24Mg8+ beam tuning. 
 
During this process, a high RF power (~500W) has been sustained without insertion of a metal rod until obtaining a 
required vacuum condition. The light intensities of Fe I and II lines were observed in the plasma during chamber 
baking as shown in Fig. 4 (a). These lines are dominant because, the previous beam time was 56Fe15+ beam, and FeO 
rod method was used for one week. The plasma chamber is also made of stainless steel which can also contribute 
those Fe lines. Usually, Fe and O optical lines are disturbing observation of the desired lines. Those contaminated 
lines are of a substantial number, and a major issue. However, in this operation we succeeded in reducing Fe line 
intensities drastically. After finishing chamber baking, a 24Mg8+ beam tuning was started, and the light intensity of 
Mg VIII was clearly obtained as shown in fig. 4 (b). However, it is not clear, whether Magnesium has a pomp effect 
like Titanium, or not. A Mo I line was also observed in the spectrum. Molybdenum cover is usually used for a 
smooth heat transfer to the tip of the metal rod from the plasma [1]. Wavelengths of the lines were determined in 
accordance with the NIST Atomic Spectra Database [4]. Figure 5 shows the light intensity of Mg VIII line spectrum 
(O = 279.64 nm) and gas flow rate of supporting He gas as a function of the analyzed 24Mg8+ beam intensity 
measured by Faraday cup just after analyzer magnet. The beam intensity was tuned by controlling gas flow rate of 
He gas. The result shows a strong correlation between the light intensity and beam current. In this case it is also 
extremely complex to separate 24Mg8+ and 12C4+. The 12C4+ ions appear in the background gas. However, 
hydrocarbons are relatively easier degassing by chamber baking. Therefore, most of the beam current is 24Mg8+ ions.  
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Fig.5.  Strength of Mg VIII line spectrum and gas flow rate of supporting He gas as a function of analyzed 24Mg8+ beam intensity.  
 
Figure 6 (a) shows an optical line spectrum of the Hyper-ECR plasma under operation of 7Li3+ ion beam. Light 
intensity of 7Li III line spectrum was observed at O = 449.83 nm. 7Li I and II lines were also observed in the plasma. 
Figure 6 (b) shows the charge distribution of ion beams extracted from the Hyper-ECR ion source. The ion source 
was tuned for the production of the 7Li3+ ions. Beam intensity of the 7Li3+ was set at 60 ePA.  
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Fig. 6 (a) Spectrum of 7Li I, II and III during 7Li3+ ion beam tuning. The pressure and microwave power were 1x10-4 Pa and 400 W. Scale in the 
vertical axis is mV (arbitrary unit) measured by a digital volt meter; (b) Charge state distribution of Li and residual gas ions measured by Faraday 
cup after the analyzer magnet. The ion source is tuned for the production of 7Li3+ ions. The numbers in parentheses are beam intensities in eμA. 
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Multi-charged ions of the residual gas, such as 14N6+, are also thought to be included in the beam intensity. However, 
the beam intensity of such highly multi-charged ions is relatively low (~ a few ePA). Figure 7 shows the light 
intensity of 7Li III line spectrum as a function of the analyzed 7Li3+ beam intensity. The beam intensity was tuned by 
RF power. With the rising of the 7Li3+ beam current, the light intensity of the 7Li III spectrum also increased. Figure 
8 shows time charts of 7Li3+ beam current and 7Li III light intensity during beam tuning recorded by a pen recorder. 
The result clearly shows a linear correlation of these two values. Therefore, the light intensity signal from the 
photomultiplier is obviously an essential information for the plasma handling and beam tuning operation. 
 
 
 
 
FIG. 7. Strength of 7Li III line spectrum and RF power as a function of analyzed 7Li3+ beam intensity. 
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Fig. 8 Time charts of 7Li3+ beam intensity and 7Li III light intensity during beam tuning. In this figure both beam intensity and light intensity were 
increasing because of raising RF power from 442 to 445 W. 
4. Conclusions 
 
   Plasma spectroscopy has been proved to be a useful technique for ion source tuning. By this method, the 
observation of the desired ion species in the plasma has been simplified, and tuning of the ion source without 
interrupting beam time by an observation of the light intensity voltage of photomultiplier was successfully 
demonstrated. In this experiment we conducted the 7Li3+ beam tuning. The 6Li3+ beam is thought to be a 
considerably more complex to separate from He2+ and H2+ etc. He gas is usually used as a supporting gas for 
keeping a necessary plasma condition. High intensity 6Li3+ beam is also required during experiments in nuclear 
astrophysics in our AVF cyclotron facility. Therefore, a further development of our plasma observation technique 
must be needed. 
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